None of these genes, however, are required for the senResults silla basiconica and trichodea. Nevertheless, there is good evidence that these sensilla require the activity Isolation of a Gene Containing an Ato-like bHLH Coding Region of an unidentified bHLH proneural gene(s). Gupta and Rodrigues (1997) showed that misexpression of emc in bHLH-containing DNA fragments were isolated by PCR amplification of Drosophila genomic DNA using degenthe pupal antennal disc causes a decrease in olfactory sensilla of all types, suggestive of antagonism of a bHLH erate primers designed to the ends of the bHLH region that are conserved between Ato and its closest verteprotein in addition to ato. Interestingly, basiconic and trichoid sensillum formation requires the function of a brate homologs (Math1 and Math5) ( Figure 1D ). These conserved peptides distinguish the Ato subfamily from Runt domain transcription factor encoded by lozenge (lz), with sensilla basiconica being completely absent in other bHLH proteins, including more divergent Atorelated ones such as the NeuroD subfamily ( Figure 1D ). strong lz mutants (Stocker et al., 1993) . A recent analysis suggests that lz acts upstream of SOP formation but is When sequenced, the ‫031ف‬ bp PCR products proved to be a mixture of three independent sequences. The not itself a proneural gene (Gupta et al., 1998) .
Here, we describe the isolation and characterization bHLH domain of ato itself was amplified as expected, but, in addition, two novel bHLH sequences were identiof amos (absent md neurons and olfactory sensilla), a bHLH gene related to ato. Its mRNA expression is highly fied that we name cousin of ato (cato) (S. E. G., N. M. White, and A. P. J., submitted) and amos. Northern blot localized, being mostly restricted to regions in which olfactory precursors arise in both embryo and imaginal analysis revealed a single amos embryonic transcript of about 800 nucleotides. The longest cDNA clone isolated discs, as well as the putative precursor of the dbd neuron in the embryo. We provide loss-of-function and gainwas 782 bp, which contained a 198-amino-acid open reading frame (ORF) with the bHLH domain at the carof-function evidence that amos is a proneural gene for olfactory sensilla, most likely the sensilla basiconica and boxyl terminus. Sequencing of the corresponding genomic DNA showed that amos contains no introns (Gentrichodea. Moreover, amos is partly regulated by lz, and this regulation can account for the effect of lz mutations Bank accession number AF166113). Further analysis of sequence from a 170 kb BAC clone in which amos is on olfactory SOP formation. located (Berkeley Drosophila Genome Project, unpub-AS-C, this restriction of amos expression suggests that lateral inhibition functions within a proneural cluster delished; accession number AC007137) showed that amos is the only bHLH-encoding gene in this region and therefined by amos. Consistent with this, amos expression fails to resolve to single cells in Notch mutant embryos, fore does not form a complex with other bHLH genes.
The predicted protein sequences of Amos and Ato which lack lateral inhibition ( Figure 2C ). Significant amos expression was also observed in developing head segare 74% identical over the entire bHLH region and share an identical basic domain except for an R to K conservaments (including antennal, mandibular, and labial segments) in areas that correspond to the anlage of the tive change ( Figure 1D ). This compares with ‫%07ف‬ identity between bHLH domains of the AS-C and ‫%04ف‬ olfactory sense organs of the larval antennomaxillary complex (Figure 2A ) (Campos-Ortega and Hartenstein, between Amos and Scute. Among bHLH proteins, Amos forms part of the Ato subfamily, being most closely re-1997). The expression pattern of amos thus makes this gene a likely candidate for the AS-C-and ato-indepenlated to Ato followed by Ato's closest vertebrate homologs ( Figure 1C) . Interestingly, this suggests that an dent larval sense organs. In addition to the above, amos mRNA was also tranato-amos gene duplication occurred after the invertebratevertebrate split, so that vertebrate ato-like genes may siently detected at the cellular blastoderm stage of embryogenesis in a dorsoventral band in the posterior of exhibit functional similarity with either amos or ato. The gene duplication is nevertheless an ancient event, bethe embryo (data not shown) and during oogenesis in nurse cells, the centripetal follicle cells, and the oocyte cause Ato and Amos share no similarity outside the bHLH domains.
itself (data not shown). As might be expected from its sequence identity with Ato, Amos has the conserved residues required for cor- Although there is no specific mutation of amos, we as expected. In summary, these data support a role for the chromosomal region containing amos in sensillum investigated lethal chromosomal deficiencies that delete amos (Df(2L)M36F-S5 and Df(2L)M36F-S6) for gebasiconica formation and are suggestive of a role during sensillum trichodea development. netic interaction with da. Olfactory sensillum numbers were analyzed in flies heterozygous for an amos deficiency either alone or in combination with the loss of Misexpression of amos Increases Olfactory Sensillum Numbers on the Antenna one copy of da (Df(2R)da KX136 /ϩ). In flies with a single copy of each gene (abbreviated as amos ϩ/Ϫ :da ϩ/Ϫ ), the One shared characteristic of proneural genes is that ectopic expression leads to ectopic sense organ formanumber of sensilla basiconica were significantly reduced (by 30%) compared with wild-type, amos ϩ/Ϫ , tion, which is consistent with their neural competence function. Moreover, specific subtypes of ectopic organ da ϩ/Ϫ , or ato ϩ/Ϫ :da ϩ/Ϫ flies (Figure 4) Using Gal4 OK384 to drive expression in the larval eyeantennal disc, misexpression of UAS-ato causes increased formation of sensilla coeloconica (Gupta and Rodrigues, 1997). Upon misexpression of UAS-amos, we observed a dramatic increase in olfactory sensilla (Figures 5A and 5B). The antenna itself was bloated, perhaps a secondary effect of housing more sensilla. Accurate counting of sensilla was difficult because of the antennal morphology and uncertainty in assigning sensilla to specific classes. Nevertheless, sensillum counts suggested that there was an increase of 24%-44% for all sensillum types. Thus, unlike ato, amos seems capable of directing formation of sensilla basiconica and trichodea. In addition, extra sensillum coeloconica formation may result from an ability of amos to substitute functionally for (mimic) ato (see below). Interestingly, a proportion of sensilla appeared to be of intermediate basiconica/ trichodea morphology ( Figure 5C ). This has also been reported as an effect of lz misexpression (Gupta et al., 1998).
Outside the Antenna, amos Misexpression Mimics ato and Also Promotes Ectopic Olfactory-like Sensilla
The subtypes of ectopic sense organ produced by misexpression of ato are dependent on the tissue. Thus, it directs sensilla coeloconica formation on the third antennal segment but chordotonal formation in most other sites. To see how amos function might be modulated outside the antenna, we induced amos expression in many proneural clusters in all imaginal discs using Gal 109-68 (Jarman and Ahmed, 1998). With this driver, UAS-amos misexpression resulted in a mixture of ectopic sense organs (Figures 5E-5M) . Part of this phenotype resembles that obtained from ato misexpression (Jarman and Ahmed, 1998). First, ectopic chordotonal organs are formed in the scutellum and third wing vein ( Figure 5E ). In the scutellum, these were similar in num- Strikingly, amos misexpression also produces a third phenotype: on the thorax, head, and along the third wing vein were unusual organs that appeared morphologically similar to olfactory sensilla, particularly sensilla trichodea ( Figures 5D, 5F, and 5I-5K) . Although some were difficult to assign to bristle or olfactory-like classes, we estimated that 19.4 Ϯ 2.8 olfactory-like sensilla were observed along the third wing vein (n ϭ 5). Moreover, at high expression levels, some of the sensory bristles on the thorax were transformed toward similar olfactorylike morphology ( amos Expression Is Regulated by lz lz functions in eye, antennal, and tarsal claw developlz mutants. Conversely, lz-independent sensilla trichodea may arise from the lz-independent tips of the amosment (Lindsley and Zimm, 1992). In leg and antennal discs, the pattern of lz expression strongly resembles expressing bands. Topologically, SOPs from the band tips will end up on the lateral edge of the antenna after that of amos (Figures 2I and 2J; Gupta et al., 1998) , although amos expression begins later than lz. These metamorphosis, which is where the sensilla trichodea are concentrated ( Figure 1A) . Interestingly, comparison observations suggest that lz might regulate amos expression during the process leading to the formation of with the ato expression pattern suggests that amos is also expressed in regions of sensillum coeloconica forbasiconic and trichoid SOPs in the antenna and perhaps in the tarsal claw. Therefore, we looked for changes in mation in bands 1 and 2 (Gupta et al., 1998). Since these SOPs are not lost in lz mutants, the loss of amos the expression pattern of amos in lz mutants. Strong lz alleles (including lz 1 , lz 3 , and lz
34
) almost completely lack expression from the middle of these regions provides evidence that amos is not required at least for many sensilla basiconica and exhibit up to a 50% reduction in sensilla trichodea (Stocker et al., 1993) . The number sensilla coeloconica. In weaker lz alleles (such as lz g
), amos expression of sensilla coeloconica is reported to be unaffected. In these strong alleles, amos mRNA was absent from the appears patchy but spatially normal ( Figure 6E ), suggesting that SOP selection itself is not strongly altered. middle of all three antennal bands (Figures 6B-6D ). For band 3, the affected region corresponds to the area This would be consistent with observation that the major phenotype of weak lz alleles is one of subtype transforfated to form sensilla basiconica SOPs (Gupta et al., 1998) . The correlation between this loss of amos expresmation from basiconic to trichoid fate rather than sensillum loss. This is postulated to result from a role of lz in sion and the loss of sensilla basiconica is therefore consistent with a requirement for amos in sensillum basicosubtype specification, such that higher levels are required for SOPs to take on basiconic fate while lower nica formation. In addition, we may deduce that the middle regions of the other two bands (2 and 1) give levels are sufficient for trichoid fate (Gupta et al., 1998) . We determined in a complementary experiment whether rise to those sensilla trichodea that are missing in strong ectopic lz expression could induce ectopic amos expression. When ubiquitous lz expression was activated in pupae containing a heatshock-inducible lz construct (hs-lz) (Gupta et al., 1998), a strong expansion of amos expression was observed in the antenna ( Figure 6F ). lz misexpression also resulted in ectopic amos expression in pupal wings and legs (Figures 6G and 6H) . These experiments show that lz is both necessary for much of amos's expression pattern and also sufficient to drive ectopic amos activation in many other locations.
To investigate further the relationship between lz and amos, we determined whether amos gene dosage reduction would modify the number of sensilla formed in lz mutants. In the intermediate allele, lz g , the number of basiconica is reduced to 28% of wild-type (56.7 Ϯ 2.6 sensilla basiconica). Removing one copy of the chromo- From the genetic and expression analyses, we conclude that amos transcription is partly downstream of lz and that its loss of expression may explain the loss of sensilla expression is not dependent on lz (Gupta et al., 1998), basiconica and trichodea in lz mutants. We therefore and therefore by inference ato does not depend on amos tested whether experimentally induced amos expresat least in the medial antennal region. We conclude that sion could rescue the loss of sensilla basiconica in the two olfactory proneural genes, ato and amos, are strong lz mutants. Using hsGal4 as a driver, UAS-amos largely independent of each other. Furthermore, ato was misexpressed in lz 3 pupal antennae. Such misexshows no interaction with lz. Thus, lz
3
; ato 1 /ato 1 double pression resulted in a significant recovery of sensilla mutants exhibited a complete absence of sensilla babasiconica (36.2 Ϯ 8) when compared with lz 3 alone siconica and coeloconica, as expected from the loss of (0.33 Ϯ 0.33 sensilla basiconica) (Figures 7A and 7B) . lz and ato functions, respectively. However, the number This rescue is still far short of wild-type levels, perhaps of sensilla trichodea was not reduced below that obbecause amos is not optimally expressed using hsGal4. served in lz 3 mutant flies (data not shown). This suggests Alternatively, lz might need to activate other genes rethat there is no redundancy between lz and ato in formaquired for basiconic fate in addition to amos (i.e., amos tion of the remaining sensilla trichodea, which are inalone cannot replace all the functions of lz). Significantly, stead likely to require the lz-independent part of amos's ato was unable to direct any rescue under the same expression. conditions (1.0 Ϯ 0.6 sensilla), even though the number of sensilla coeloconica was increased (data not shown). Discussion Therefore, amos, but not ato, can partially bypass the requirement for lz. Interestingly, many of the rescued amos as a Proneural Gene basiconica were located in the lateral region of the an-A combination of sequence, expression pattern, losstenna (T domain; Figure 6A ). Such a distribution was of-function, and gain-of-function data leads us to conalso observed upon rescue of lz mutants by hs-lz (Gupta clude that amos is a bHLH proneural gene for a subset et al., 1998). of olfactory sensilla. With the discovery of amos, the origin of almost the entire larval and adult PNS can be accounted for by amos, ato, and the AS-C. Olfactory Evidence that amos and ato Are Independently Regulated sensilla require two proneural genes of the ato-like subfamily, amos and ato itself. These genes appear to have Since the expression of ato overlaps with the inner two bands of amos expression, it is possible that one gene complementary functions. While ato is required for sensilla coeloconica (Gupta and Rodrigues, 1997), our data may be dependent on the other. However, we observed no defect in amos expression in ato mutant antennal strongly suggest that amos can account for the formation of the sensilla basiconica and trichodea, although discs ( Figure 6A ). Furthermore, it was reported that ato definitive evidence will require the isolation of specific lz is acting as a prepattern gene. That is, Lz does not amos mutations. The evidence is clearest for sensilla function as a cell type-specific transcription factor itself, basiconica in that a genetic interaction was detected but to set up the correct expression patterns of fate between da and amos. Although the amos-containing determining factors. This function is closely analogous deficiencies used in these experiments delete other to its function in eye development (Daga et al., 1996 ; genes in addition to amos, the interaction with da Flores et al., 1998), where it is also expressed prior to strongly implicates amos, since no other candidate fate determination and helps pattern the expression of bHLH gene exists in the 170 kb region around amos.
the fate-determining transcription factors BarHI, SevFor the sensilla trichodea, evidence from da interaction enup, and Prospero. It is clearly possible that amos is is more equivocal, but a strong genetic interaction was a direct target gene of lz, but it is also interesting that detected between amos and lz, a gene required for the the induction of amos by hs-lz is not ubiquitous. In the formation of many sensilla trichodea. In contrast, senantenna, for instance, ubiquitous induction of lz leads silla coeloconica do not appear to require amos. Notato amos activation in a pattern of rings, suggesting that bly, amos expression is absent from regions of coelolz acts in concert with other prepatterning activities in conic SOP formation in lz mutants.
the antenna ( Figure 6F ). It is notable that the lz-amos During embryogenesis, the expression pattern of regulatory link may also function during tarsal claw deamos also suggests a function in the development of velopment. larval olfactory sensilla of the antennomaxillary complex , and preliminary double-stranded RNA Neuronal Subtype Specificity of bHLH interference ( 
